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Abstract
District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 
Pressurized pipelines represent the most reliable and cost effective way of transporting captured CO2 from fossil fuel-fired 
electricity generation plants for subsequent sequestration. Leakage of CO2 through a small puncture is the most common form 
pipeline failure during normal operation; such failures could lead to fracture. The study of pipeline depressurization and 
inventory dispersion behavior is of paramount importance for assessing the possibility of fracture propagation and the impact of 
CO2 pipeline releases on the surrounding environment. A large-scale fully instrumented pipeline (258 m long, 233mm i.d.) was 
constructed to study the pressure response, phase transition and dispersion of gaseous, dense and supercritical  phase CO2 during 
vertical leakage through a 15 mm diameter orifice. The fluid pressures and temperatures in the pipeline were recorded to study 
the pressure response and phase transition inside the pipeline. Video cameras and CO2 concentration sensors were used to 
monitor the formation of the visible cloud and the gas concentration distribution in the far-field. There was a “two cold, 
intermediate hot” phenomenon during the vertical release in the dense and supercritical release due to the dry ice particle 
accumulation near the orifice. The intersection of the jet flow and settling CO2 mixture resulted in complex visible cloud forms in 
dense CO2 release. 
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1. Introduction 
Carbon capture and storage (CCS) involves capturing CO2 from large industrial point sources of emission and 
then storing it in a reservoir instead of allowing its release to the atmosphere [1, 2]. CO2 transportation is a key 
component of the CCS chain to transmit large amounts of CO2 from emitter to storage site [3, 4]. The vent system 
represents an essential pressure-relief method for achieving the objectives of decreasing the pipeline pressure as soon 
as possible to safe range while preventing the expanded accidents and getting enough time to repair the pipeline 
during the planned vents or the leakage accidents [5]. In order to provide for safety, the block valves or the vent 
stations are typically required to be placed along the pipeline about 15 km maximum, per regulation such as US 
DOT CFR regulations. This prevents loss of pressure integrity of the entire pipeline, whereby sections can be 
isolated, limiting the amount of CO2 released into the atmosphere [6, 7]. 
In the process of pipeline emptying, the large temperature drop and the dry ice jam will occur inside the main 
pipeline and vent tube due to the throttling effect while this can initiate the running-brittle fracture by a puncture [8, 
9]. In the venting area, the releasable CO2 may cause the potential for exposure of solid CO2 particles and cryogenic 
exposure to the people within the range. Due to the relatively high density of gaseous CO2 at ambient conditions the 
escaping CO2 will rapidly concentrate in low-lying areas [10, 11]. Vent systems should be designed and located to 
ensure the potential safety consequences of a depressurization is within the acceptance criteria both in terms of 
occupational health and 3rd party risk [12]. 
Many experimental studies have recently been performed to analyze depressurization behavior and dispersion 
during the release of CO2 from pipelines. Wareing et al. [13-15] introduced the venting of dense and gas phase CO2 
through a single, straight vertical vent pipe from high pressure pipes above ground within the framework of the 
COOLTRANS research program. The experimental data used in these releases was used to develop a CO2 dispersion 
model. The near-field dispersion structures of such releases were predicted by a mathematical model against this 
experimental data. Han et al. [16, 17] studied liquid CO2 flow characteristics in a 1/4 inch capillary tube used in 3 m 
and 10 m long. Temperature and pressure were measured in capillary tube to investigate the flow characteristics in 
the pipe. The experimental result showed that the phase change occurred just before CO2 flow was exposed to 
ambient air for any tube length of this study. Xie et al. [18, 19] studied the vertical release of supercritical CO2 from 
a 23 m long circulating pipe with a 30 mm inner diameter. A typical highly under-expanded jet flow structure was 
observed near the orifice. 
This paper presents the flow characteristics and dispersion of supercritical phase CO2 (99.9 % pure) during 
vertical venting through 4 m and 2 m long vent tubes with 50 mm diameter orifice. Fluid pressures and temperatures 
in the main pipeline and vent tube were recorded during release. Video cameras were used to monitor the formation 
of the visible cloud in the venting area. The experimental studies provide a detailed understanding of 
depressurization and dispersion behaviors during the venting of supercritical CO2. 
2. Experiments 
Fig. 1 shows a schematic of experimental apparatus. The experimental apparatus consisted of two CO2 injecting 
lines, a 257 m long main pipeline built in 16MnD low temperature carbon steel (inner diameters of 233 mm and 20 
mm thickness), a 1 m long dual-disc blasting pipe and a vertical vent device built in grade 304 stainless steel. All the 
other details, instruments and experimental conductes were introduced by our previous papers [20-23]. 
In this paper the flow characteristics and dispersion of supercritical phase CO2 released vertically through a 15 
mm diameter orifice are reported. The initial experimental conditions and environmental conditions of three tests are 
presented in Table 1. The instrument types, numbers and locations of the selected instruments are given in Table 2. 
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Fig. 1. Schematic and scene graph of experimental apparatus 
Table 1. Experimental conditions and environmental conditions 
Number Test 1 Test 2 
Pressure (MPa) 8.3 8.4 
Temperature (oC) 38.0 37.0 
Orifice (mm) 50 50 
Inventory (tons) 4.0 5.1 
Environmental pressure (kPa) 101.78 101.06 
Environmental temperature (oC) 4.9 10.3 
Humidity (%) 62.5 58.7 
Wind speed (m/s) 0 1.0 
Wind direction - 47 
Atmospheric stability A A 
Table 2 Partial measurement point locations. 
Temperature 
on top of the pipe 
Temperature 
on bottom of the pipe 
Wall 
temperature 
 
Pressure 
Distance from 
the orifice (m) 
   P1 0.74 
Tf2 Tf2d Tw2  7.4 
   P2 10.4 
Tf7 Tf7d Tw7 P5 54.2 
Tf9 Tf9d Tw9 P6 62.1 
Tf18 Tf18d Tw18 P12 248.6 
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3. Results and Discussions 
3.1 Pressure developments in the main pipeline and the vent pipe during depressurization 
Fig. 2(a) and (b) show the evolutions of fluid pressures in the main pipeline and the vent pipe after rupture for 
tests 1 and 2. The total depressurization times for the two experiments were 412 s and 414 s respectively. After 
rupture, the pressures inside the main pipeline and the vent pipe in front of the operated valve fell from the initial 
pressure gradually. The pressures inside the vent pipe behind the operated valve increase firstly and then decrease. 
From the magnified regions of Fig. 2, it can be seen that at about 8 s after the valve operated, the pressure gradients 
among Ps3, Ps4, Ps5, and Ps4 reach maximum. And at about 20 s after the valve opened, the pressure gradients 
among PS1, Ps2, and P1 reach maximum. 
Fig. 2. Pressure evolutions for tests 1 and 2. 
3.2 Phase transitions during pipeline depressurization 
Fig. 3 (a) shows the evolution of CO2 phase diagram in the main pipeline. After the valve opened, the 
supercritical CO2 transformed into the gas-liquid phase when the pressure was lower than the critical pressure Pc. 
Phase changes of top and bottom fluid at the same distance from the vent orifice were exactly the same. As the pipe 
pressure and temperature continued to drop, the pressure and temperature points successively deviated from the 
saturation line into the gas phase area. This suggested that the transformation from the gas-liquid phase to the 
gaseous CO2 started to appear from the vent orifice to the closed end of the pipeline. 
Fig. 3 (b) shows the evolution of CO2 phase diagram in the vent pipe. After the valve opened, the inventory 
properties of Tfs1-Ps1 and Tfs2-Ps2 in front of the valve inside the vent pipe passed through the supercritical region 
and into the gaseous region of the phase diagram following a parallel trajectory to the saturation line, indicating that 
the present phase was superheated gas. The phase transitions of Tfs3-Ps3, Tfs4-Ps4, Tfs5-Ps5, and Tfs6-Ps6 behind 
the vent valve in the vent pipe were complex. 
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Fig. 3 Pressure-temperature developments in the main pipe and the vent pipe for test 1 
Fig. 4 (a) and (b) shows the evolution of the Test 2 fluid pressure and temperature plotted on the CO2 phase 
diagram in the main pipeline. After the valve opened, Tf2, Tf7, Tf9, Tf18 delivered the saturation curve 
successively. The phase of CO2 transformed from gas-liquid to gaseous. In the test2 the time of maintenance in the 
gas-liquid saturation phase was longer than that of test1. Furthermore the characteristics of Tf3 and Tf4 evolution 
shows that the CO2 entering the liquid phase in test2 was significantly more than test1. In general, an increase in the 
length of the vent pipe will cause the CO2 front the valve to be in superheated phase and there were more liquid CO2 
generated behind valve. 
 
Fig. 4. Pressure-temperature developments in the main pipe and the vent pipe for test 2 
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3.1. Visible cloud of CO2 dispersion 
 Fig. 5 shows the variations in the shape of CO2 plume during the venting. Observed the venting process, the 
variations in the shape of CO2 plume can be divided into three stages: The first stage was rapid development of jet to 
complete expansion; the second stage was that the jet shape maintains a quasi-steady state; the third stage was the 
slow decay process of the jet.  The duration of three stages was 5s, 15s and 392s respectively. After pneumatic valve 
opened, the supercritical CO2 was venting into the air through the vent pipe during the first stage. In the second the 
scale of the visible cloud remains unchanged. The maximum width and height was 24m and 3m respectively. In the 
third stage the magnitude of CO2 visible cloud continued to decay. 
Fig. 5. Visible cloud development for test 1 
4. Conclusions 
According to the experimental study, some conclusions are demonstrated as follows: 
(1) When a small diameter rupture occurred, a decompression wave propagated back and forth long the 
pipeline due to the rapid expansion of the high pressure CO2 at the orifice. Passage of the decompression wave 
through the inventory caused pressure undershoot and rebound to a quasi-static level, this was accompanied by a 
sharp temperature drop and boiling nucleation. 
(2) For the supercritical CO2 test, the inventory transformed into a gas-liquid and then gas phase as the 
inventory pressure fell below Pe. A “two cold, intermediate hot” phenomenon was observed during the vertical 
leakage in the dense and supercritical release due to the dry ice particle accumulation near the orifice. 
(3) For three phase CO2 leakage, the gas-solid two-phase jet entrained a mass of dry ice particle, gaseous CO2, 
air and condensed water in the near-field, this mixture continued to spread in the far-field. The intersection of the jet 
flow and settling CO2 mixture resulted in complex visible cloud forms in dense CO2 release. 
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